ously shown that carbonate-type cationics containing n-dodecyl groups showed strong antimicrobial activities and good surfactant properties 8 , in addition to biodegradability by activated sludge. We have also reported that carbonate linkages of gemini-type cationics are effective as biodegradable and chemically recyclable segments 9, 10 .
The relationship between the physicochemical properties and the stereochemistry of optically active surfactants derived from bio-based materials, such as sugars 11 , amino acids 12, 13 , ascorbic acid 14 , and succinic acid 15 , has been studied by many researchers. Some of them exhibited better surface activities than the corresponding stereochemically mixed surfactants owing to much stronger intermolecular interactions between the surfactant molecules. It is also known that the chirality R or S confi guration of optically active surfactants is of crucial importance in biological properties 16, 17 . However, the synthesis of optically active surfactants is complicated, generating relatively low yields. Thus, a more facile synthetic route is required.
Herein we report the design and synthesis of optically active carbonate-type cationics by a green process. Their surfactant properties, antimicrobial activities, and biodegradabilities were evaluated. Figure 1 shows the design of optically active cationics containing carbonate linkages. Cationics having an isopropylene linkage between the quaternary ammonium group and carbonate linkage S12iPr were expected to show a higher hydrolytic stability when compared to those having an ethylene linkage S12Et as the intramolecular attack of the ammonium cation toward the carbonate linkage is inhibited by inductive effect of the side methyl group. The optical resolution of carbonate-type cationics containing an isopropylene linkage was carried out using a lipase, a green method as lipases are renewable catalysts with high catalytic turnovers and excellent stereoselectivity. Lipases have been previously utilized for the optical resolution of both diastereomeric and enantiomeric mixtures 18, 19 .
EXPERIMENTAL PROCEDURES 2.1 Materials and methods
Diphenyl carbonate, 1-dodecanol, N,N-dimethylaminoethanol, 1-N,N-dimethylamino -2-propanol, vinyl propionate, and methyl iodide were purchased from Tokyo Kasei Kogyo Co., Ltd. Tokyo, Japan and used as received. Triethylamine Et 3 N and 28 sodium methoxide in methanol solution were purchased from Wako Pure Chemical Industries, Ltd. Osaka, Japan . Immobilized lipase from Candida antarctica lipase CA: Novozym 435 ® , a lipase lipase B from C. antarctica produced by submerged fermentation of a genetically modifi ed Aspergillus oryzae microorganism and adsorbed on a macroporous acrylic resin, having 10,000 PLU/g propyl laurate units: lipase activity based on ester synthesis and Rhizomucor miehei lipase immobilized on a macroporous anion-exchange resin RM: Lipozyme RM IM ® were kindly supplied by Novozymes Japan, Ltd. Chiba, Japan . Lipase from Candida rugosa CR was purchased from Aldrich Chemical Co. Milwaukee, WI, USA . Lipase from Burkholderia cepacia, immobilized on ceramics PS-C , and lipase from B. cepacia, immobilized on diatomaceous earth PS-D , were purchased from Amano Pharmaceutical Co., Ltd. Nagoya, Japan . The enzyme was dried under vacuum 3 mmHg over P 2 O 5 at 25 for 2 h prior to use. The assignment of chemical structures and the purity levels of synthesized compounds were deduced by TLC, elemental analysis and NMR spectroscopy. Thin layer chromatography was carried out using Merck silica gel 60 F 254 plates Merck, Ltd., Darmstadt, Germany . 1 H NMR spectra were recorded with a Lambda 300 Fourier Transform Spectrometer JEOL, Ltd., Tokyo, Japan operating at 300 MHz. Specific rotations were measured at 589 nm with a P-1010 digital polarimeter JASCO Co., Tokyo, Japan equipped with a quartz cell of path length 5.00 cm. Fig. 1 Design of optically active carbonate-type cationics.
Lipase
-alcohol were prepared by the optical resolution of 1-N,N-dimethylamino -2-propanol using a lipase according to the method of Hull et al. as shown in Scheme 1 20 . A mixture of 1-N,N-dimethylamino -2-propanol 40 mmol , vinyl propionate 20 mmol , and immobilized lipase PS-D 5 wt relative to vinyl propionate was stirred at room temperature. After 15 h, lipase PS-D was removed by fi ltration, and the resulting filtrate was evaporated under reduced pressure. Purification of the residue by silica gel column chromatography chloroform/methanol 9/1 v/v , R f 0.30 afforded the R -ester in 53 yield as a pale yellow oil. The molecular structure was characterized by 1 
Hydrolysis of R -ester
Hydrolysis of the R -ester was carried out by sodium methoxide in methanol. A mixture of R -ester 10 mmol and sodium methoxide 2 mmol in dry methanol 5 mL was stirred under an atmosphere of argon at room temperature for 15 h. After the reaction, the reaction mixture was concentrated under reduced pressure and the residue was dissolved in chloroform 30 mL . This was washed sequentially with distilled water 15 mL and saturated aqueous sodium chloride 10 mL , then dried over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to afford the R -alcohol in 81 yield as a deep yellow oil. The molecular structure was characterized by 1 H NMR spectroscopy. 23 .7º c 1.1 in MeOH 21 .
Preparation of S -alcohol
The S -alcohol was prepared by the optical resolution of 1-N,N-dimethylamino -2-propanol using lipase PS-D. A mixture of 1-N,N-dimethylamino -2-propanol 10 mmol , vinyl propionate 10 mmol , and immobilized lipase PS-D 5 wt relative to vinyl propionate was stirred at room temperature for 24 h. Lipase PS-D was then removed by fi ltration, and the solvent was evaporated under reduced pressure. Purification of the residue by silica gel column chromatography chloroform/methanol 9/1 v/v , R f 0.05 afforded the S -alcohol in 18 yield as a pale yellow oil. The molecular structure was characterized by 1 H NMR spectroscopy.
S -alcohol: 1 
Quaternarization of C12X
The quaternarization of C12X 1.0 mmol was carried out using methyl iodide 1.2 mmol in dry acetonitrile 1.0 mL at room temperature for 30 min with stirring. After the reaction, the solvent and unreacted methyl iodide were removed by evaporation under reduced pressure to obtain the crude product. Purifi cation was carried out by recrystallization from ethyl acetate 3.0 mL to obtain optically active or racemic S12X in 85-90 yield as white crystals. The molecular structure was characterized by 1 H NMR spectroscopy and elemental analysis. Their yields, melting points mp , and elemental analyses are summarized in Table 1 .
R -S12iPr: 1 
Preparation of the degradation product of carbonatetype cationics
To evaluate the biodegradability of the primary degradation products of carbonate-type cationics, N-2-hydroxypropyl-N,N,N-trimethylammonium iodide HT was chemically prepared according to Scheme 3. The HT was prepared by the quaternarization of 1-N,N-dimethylamino -2-propanol 1.0 mmol with methyl iodide 1.2 mmol in acetonitrile 1.0 mL under an atmosphere of argon at room temperature for 1 h with stirring. Purification was carried out by reprecipitation from methanol 1.0 mL, good solvent and ethyl acetate 3.0 mL, poor solvent to obtain HT in 80-89 yield as white crystals. The molecular structure was confi rmed by 1 H NMR spectroscopy. 
Enantioselective hydrolysis of the rac-cationics using a lipase
The enzymatic degradation of cationics containing carbonate linkages was carried out using a lipase as shown in Scheme 4. The enzymatic degradation of rac-S12iPr 100 mg was carried out using 100 wt immobilized lipase CA 100 mg in toluene 2.0 mL and H 2 O 0.1 mL at 65 for 4 d with stirring. After the reaction, the immobilized lipase CA was removed by fi ltration, and the solvent was evaporated under reduced pressure. Purifi cation was carried out by recrystallization from ethyl acetate 1.0 mL to obtain S -S12iPr with α D 27 16 .8º c 0.5 in MeOH in 27 yield the theoretical yield was 50 . The molecular structure was characterized by 1 H NMR spectroscopy.
Docking studies
All molecular modeling studies were performed using Molecular Operating Environment MOE v2009.10 Chemical Computing Group Inc. 22 . The target compounds were built using the builder interface of the MOE program and subjected to energy minimization using MMFF94x. The produced model was subjected to a Stochastic Conformational Search where all items were set as defaults, and the most stable conformational energy E stable was calculated. The X-ray crystallographic structure of lipase CA was obtained from the Protein Data Bank PDB 23 . The enzyme was prepared for docking studies as follows: i the ligand molecule was removed from the enzyme active site, ii hydrogen atoms were added to the structure with their standard geometries, then iii MOE Alpha Site Finder was used for the active site search in the enzyme structure, and dummy atoms were created from the obtained alpha spheres. The energy parameters of the obtained ligand-en-zyme complex model were calculated using MMFF94x force field energy, and the ligand-enzyme interactions at the active site were predicted.
Hydrolytic stability
A hydrolytic stability test was carried out by dissolving the cationics at 5 g/L in distilled water at 60 . Hydrolytic degradation of the cationics was analyzed by 1 H NMR, and hydrolytic stability was calculated using the methine and methylene protons adjacent to the carbonate linkages, δ 5.21-5.38 ppm for S12iPr and δ 4.58-4.71 ppm for S12Et.
Surfactant properties
The static surface tension was measured using an Automatic Surface Tensiometer Model CBVP-Z Kyowa Interface Science Co. Ltd., Tokyo, Japan at 25 using the Wilhelmy vertical plate technique and a sandblasted glass plate. The test solutions were aged at 25 for at least 1 h before any measurements were taken.
The occupation area of a molecule at a surface A min was calculated according to the Gibbs adsorption equation. The surface excess concentration in mol/m 2 and the corresponding A min in nm 2 at the liquid/air interface were calculated using Eqs. 1 and 2:
where n is a constant and depends upon the individual ions comprising the surfactant n 2 24 , dγ/dlogC is the slope of the surface tension vs. concentration curves below the cmc at a constant temperature, γ is the surface tension in mN/m, T is the absolute temperature, R 8.31 J/mol K , and N A is Avogadro s number.
Antimicrobial activities
The antimicrobial activities of the cationics were evaluated by the agar dilution method 25 . Gram-positive bacterial strains Staphylococcus aureus KB210, Bacillus subtilis KB211, and Micrococcus luteus KB212 , gram-negative bacterial strains Escherichia coli KB213, Salmonella typhimurium KB20 and Pseudomonas aeruginosa KB115 , and six fungal strains Candida albicans KF1, Saccharomyces cerevisiae KF25, Trichophyton mentagrophytes KF213, Microsporium gypseum KF64, Penicillium chrysogenum KF270, and Aspergillus niger KF103 were used. Nutrient agar and Sabouraud dextrose agar were used for the bacteria and fungi, respectively. The Scheme 4 Lipase-catalyzed hydrolysis of rac-S12iPr.
antimicrobial activity was expressed as the minimum inhibitory concentration MIC .
Biodegradation
The biodegradability of the cationics was evaluated by the biochemical oxygen demand BOD . The BOD was determined with a BOD Tester VELP Scientifi ca s.r.l., Usmate MI, Italy using the oxygen consumption method according to the Modifi ed MITI Test 26 . Activated sludge was obtained from a municipal sewage plant in Yokohama City, Japan. The BOD-biodegradation BOD/ThOD was calculated from the BOD values and the theoretical oxygen demand ThOD .
RESULTS AND DISCUSSION

Optical resolution of 1-N,N-dimethylamino
-2-propanol using a lipase and synthesis of carbonate-type cationics Optically active carbonate-type cationics were prepared using the R -or S -alcohol. The optical resolution of 1-N,N-dimethylamino -2-propanol using D-tartaric or L-tartaric acid has been previously reported. However, the yields of the optically active amino alcohols were relatively low at 7 21 . In this study, the optically active amino alcohols were prepared by the enantioselective transesterifi cation of vinyl propionate and 1-N,N-dimethylamino -2-propanol using the lipase according to the method of Hull et al. as shown in Scheme 1 20 .
Firstly, the R -ester was prepared by the reaction of 1-N,N-dimethylamino -2-propanol 40 mmol and vinyl propionate 20 mmol using the lipase PS-D. The R -ester was then hydrolyzed using sodium methoxide to obtain the R -alcohol. The two-step overall yield of the R -alcohol was 43 . Next, the unreacted S -alcohol was collected by treatment with 1-N,N-dimethylamino -2-propanol 10 mmol and vinyl propionate 10 mmol in the presence of li-pase PS-D. The slower reaction times of S -secondary alcohols compared to the relative R -enantiomer in lipasecatalyzed transesterifi cations has been documented 27 . The optical purity of the unreacted S -alcohol was 76 after 24 h. The recovered S -alcohol was then also treated with vinyl propionate using lipase PS-D at room temperature for 24 h, with subsequent purification by silica gel column chromatography yielding optically pure S -alcohol in 18 yield.
The C12X was prepared by a two-step successive carbonate exchange reaction of diphenyl carbonate and 1-dodecanol in the presence of triethylamine followed by reaction with the appropriate N,N-dimethylaminoalcohol, as shown in Scheme 2. The quaternarization of the N,N-dimethylamino group readily occurred with methyl iodide at room temperature. No signifi cant differences in the yields of C12iPr and S12iPr were observed due to stereochemistry. However, the total yields were 28 for R -S12iPr and 10 for S -S12iPr, respectively.
Enantioselective hydrolysis of rac-S12iPr using a lipase
To improve the yield of optically active cationics, the enantioselective hydrolysis of rac-S12iPr using a lipase was studied. First, various lipases were screened with respect to the hydrolysis of rac-S12iPr in toluene containing a small amount of water. These results are summarized in Table 2 . The conversion of rac-S12iPr was calculated using 1 H NMR spectroscopy. No significant hydrolysis of rac-S12iPr was detected in the absence of lipase, indicating the lipase was responsible for the hydrolysis of rac-S12iPr, with lipase CA showing the highest catalytic activity among the tested lipases. Consequently, further studies were carried out using lipase CA as the catalyst. Figure 2 shows the time course of the enzymatic hydrolysis of R -S12iPr, S -S12iPr, and rac-S12iPr in toluene containing a small amount of water. The enzymatic hydrolysis was strongly infl uenced by the stereochemistry of the The rac-S12iPr (10 mg) and 100 wt% immobilized lipase CA (10 mg) were stirred in toluene (0.2 mL) and H 2 O (10 μL) at 65 ºC for 2 days.
cationics. Although the R -S12iPr was quickly hydrolyzed, the S -S12iPr was almost unchanged within the same timescale. The rac-S12iPr was gradually hydrolyzed, with the extent of its hydrolysis exceeding 50 after 72 h. Therefore, it was hypothesized that the R -S12iPr would be preferentially hydrolyzed to initially leave optically pure S -S12iPr as an unreacted material. Testing this hypothesis led to the recovery of the S -S12iPr in 27 yield theoretical yield 50 from rac-S12iPr after lipase-catalyzed hydrolysis, shown in Scheme 4.
To predict the enantioselectivity in the lipase CA-catalyzed hydrolysis of these chiral cationics, computer-aided molecular docking simulations were performed using MOE v2009.10 22 . The enantioselectivity in the lipase CA-catalyzed ring-opening of ω-methylated lactones was supported by molecular modeling studies using MOE 28 .
First, the most stable conformational energy E stable of the cationics was calculated using the Stochastic Conformational Search. The X-ray crystallographic structure of lipase CA PDB code: 1TCA was used for the docking calcu-lations after enzyme adjustment. Using the processed lipase CA crystal structure and the Site Finder tool of the program, the enzyme was searched for its active site. The molecular structure of each of the enantiomers was docked fl exibly into the active site cavity of lipase CA, specifi cally mimicking the interactions between the carbonate linkage of the cationics and the Ser105, as illustrated in Fig. 3 . This was performed to mimic the formation of the acyl-enzyme intermediate AEI . The mechanism for the proposed lipase-catalyzed hydrolysis of the cationics is essentially the same as that for ester-containing compounds 29 , that is, the cationic reacts with the hydroxyl group of the Ser105 residue at the active site of lipase CA forming an AEI. Nucleophilic attack by water on the AEI then produces N-2hydroxypropyl-N,N,N-trimethylammonium iodide HT and 1-dodecanol DD , as illustrated in Scheme 5. We calculated the binding free energy E, the conformational energy E conf , and the difference between the conformational energies of the cationics before and after docking ΔE conf E conf E stable . These energy values are summarized in Table 3 . Both E and ΔE conf values of R -S12iPr were approximately 10 kcal/mol lower than those of S -S12iPr. These results indicate that the AEI formation of R -S12iPr is easier than that of S -S12iPr under the same conditions. As the ratedetermining step of carbonate-containing compounds is reported to be the nucleophilic attack of water 30 , it could be thought that the higher enzymatic hydrolyzability of R Fig. 2 Time course of the enzymatic hydrolysis of (R)-S12iPr ( ), (S)-S12iPr ( ), and rac-S12iPr ( ) in toluene containing a small amount of water. Reaction conditions: cationics (10 mg) and 100 wt% immobilized lipase CA (10 mg) were stirred in toluene (0.2 mL) and H 2 O (10 μL) at 65 .
Fig. 3
Simplified structure of (R)-S12iPr docked at lipase CA active site.
Scheme 5
Proposed mechanism for lipase-catalyzed hydrolysis of (R)-S12iPr.
-S12iPr is due to both the easier formation of AEI and faster nucleophilic attack of water on the AEI.
Hydrolytic stability
To compare the non-enzymatic hydrolyzability of the carbonate-type cationics, an accelerated hydrolytic degradation test was carried out by dissolving carbonate-type cationics in distilled water and maintaining them at 60 for 48 h. It should be noted that only slight degradation was observed after a 10-day incubation at 25 . Figure 4 shows the time course of the hydrolytic degradation of carbonate-type cationics at 60 as measured by 1 H NMR. The S12Et was gradually hydrolyzed in distilled water. Conversely, S12iPr was not hydrolyzed at 60 . It has been reported that the hydrolysis of ester-containing cationics is infl uenced by the molecular structure between the quaternary ammonium group and the ester linkage 6 ; hence the higher hydrolyzability of S12Et was due to the more facile formation of a pseudo-six-membered intermediate as shown in Scheme 6. On the other hand, the inductive effect caused by the side methyl group in S12iPr could hinder formation of the six-membered intermediate.
Surfactant properties of carbonate-type cationics in aqueous solution
These carbonate-type cationics exhibited surface activities such as surface tension lowering and micelle formation. Figure 5 shows the plots of surface tension vs. concentration curves of cationics in aqueous solution. From these plots, the cmc, the surface tension at the cmc values γ cmc , and the A min of the cationics were determined and listed in Table 4 . It was found that the cmc value of carbonate-type cationics containing an n-dodecyl group was lower than the cmc value of the conventional cationics, DTAI. This is due to the increased hydrophobicity caused by the isopropylene or ethylene linkage between the carbonate linkage and quaternary ammonium group. On the other hand, no signifi cant differences in the surfactant properties were observed owing to the stereochemistry of the tested cationics. These results demonstrate that the optical activity in the hydrophobic moiety does not affect the surfactant properties. Thus, the surfactant properties of enantio- Table 3 Calculated energy values of (R)-S12iPr and (S)-S12iPr using MOE. Fig. 4 Time course of hydrolysis of cationics in distilled water at 60 . (R)-S12iPr ( ), (S)-S12iPr ( ), rac-S12iPr ( ), and S12Et ( ). Sample concentration: 5 g/L.
Scheme 6
Formation of pseudo-six-membered intermediate of S12Et.
Fig. 5
Surface tension vs. concentration of carbonatetype cationics in an aqueous solution at 25 . (R)-S12iPr ( ), (S)-S12iPr ( ), rac-S12iPr ( ). meric or diastereoisomeric surfactants show similar tendencies, i.e., those containing the chiral center in the hydrophobic moiety have been found to have similar properties to those of the corresponding stereochemically mixed surfactants 31 33 .
Antimicrobial activities
The cationics were screened for their antimicrobial activities toward gram-positive and gram-negative bacterial and fungal strains based on the determination of their MICs 25 . These results are shown in Table 5 . The MIC value shows the lowest concentration of a surfactant at which the tested microorganisms do not show visible growth. The study showed that cationics of this type showed stronger antimicrobial activities, especially towards S. aureus, M. luteus, and E. coli, when compared to the conventional DTAI. The antimicrobial activities of S12iPr were also shown to be slightly stronger than those of S12Et. This is due to the ready hydrolyzability of S12Et to its antimicrobially inactive degradation product. As with surfactant properties, no signifi cant differences in antimicrobial activities were observed due to the stereochemistry of the cationics.
Biodegradation
The rapid and complete biodegradation of surfactants after use is highly desirable in seeking the establishment of green and sustainable surfactant chemistry, as water-soluble household detergents are generally diffi cult to recover or reuse, with non-biodegradable compounds accumulating over time. The biodegradation of the synthesized carbonate-type cationics may fi rst occur at the enzymatically hydrolyzable carbonate linkages by natural microbes with the evolution of carbon dioxide, forming low molecular weight fragments. Further microbial assimilation of the primary degradation products then follows 4 . If the primary degradation products show higher biodegradability, the parent surfactants would be regarded as biodegradable. Figure 6 shows the BOD-biodegradability BOD/ThOD 100 of the cationics and their degradation products quaternary ammonium alcohol: R -HT, S -HT, and rac-HT and 1-dodecanol DD . The S12Et was readily biodegraded by activated sludge. Its BOD-biodegradability exceeded 60 after a 28 d incubation, which is a criterion for acceptable biodegradation. The biodegradability was strongly influenced by the stereochemistry of optically active cationics. Although the S -S12iPr was quickly biodegraded, R -S12iPr was biodegraded to a relatively lower extent of around 30 . This is due to both the hydrolyzability at the carbonate linkage and the biodegradability of the primary degradation products. As discussed above, no significant differences in the hydrolysis were observed due to the stereochemistry of the cationics. However, the biodegradability of the primary degradation product HT was affected by the stereochemistry. Although the S -HT derived from S -S12iPr was biodegraded by activated sludge, the R -HT derived from R -S12iPr was not biodegraded by activated sludge, suggesting that the better biodegradability of S -S12iPr is due to the higher biodegradability of S -HT. The rac-HT was biodegraded, but at a lower rate than S -HT. Therefore, the biodegradability of rac-S12iPr was lower than S -S12iPr, but higher than R -S12iPr. As discussed above, the rate of hydrolysis of R -S12iPr by lipase CA was much higher than that observed for S -S12iPr. This implies that the microbial hydrolysis in the biodegradation of the cationics by the activated sludge exhibits S -specifi city rather than the R -specifi city exhibited by lipase CA.
CONCLUSIONS
Novel optically active cationics containing carbonate linkages were designed and synthesized via an environmentally benign process. The n-dodecyl N,N-dimethylaminoalkyl carbonate was prepared by a two-step successive carbonate exchange reaction of diphenyl carbonate with 1-dodecanol, followed by the reaction of the amino alcohol in the presence of Et 3 N. The quaternarization of the N,Ndimethylamino group was readily achieved by using methyl iodide. Also, the optically active S -cationics were prepared by the lipase-catalyzed R -enantioselective hydrolysis of the rac-cationics. Optically active cationics having an isopropylene linkage between the carbonate linkage and quaternary ammonium group showed high hydrolytic stability, as compared to those with an ethylene linkage. No signifi cant differences in the surfactant properties and antimicrobial activities were observed owing to the stereochemistry of the cationics. On the other hand, the biodegradability was strongly infl uenced by the stereochemistry. On the basis of these results, it was confi rmed that biodegradability was improved by optical resolution of the raccationics. 
